Flowers of Brassica rapa L. produce a nectar guide, which consists of a coloured pattern (the dark, UVabsorbing centre of the flower) invisible to humans but visible to insect pollinators. As a result, the colour of the flowers typically appears as uniform light yellow to human eyes. The objective of the present study was to investigate the mode of inheritance of this character by using two inbred lines and their F 1 , F 2 and F 3 progenies with a view to improving this character. After digitizing UV-photographs of each flower, we measured the UV-absorbing area (UVA) and the total flower area (FA), based on image analysis. The ratio of UVA to FA represented the UV colour proportion (UVP). We estimated the broad-sense and narrow-sense heritabilities from within-generation variances in the UVP scores and environmental variance from the average value of the variances in the parental lines. The value of broad-sense heritability of UVP was high (0.75) 
Introduction
Most cultivars of cruciferous vegetables are F 1 hybrids whose seeds are produced by insect pollination. Thus, the seed yields and F 1 purity of the hybrids depend on the flight of pollinators between individuals from different parental lines. However, in F 1 seed-production fields of Brassica rapa L., the pollinators, and especially honeybees, show preferential and constant flights to one parental line (Ishizuka et al. 2004) . This selective behaviour of the pollinators, which is called "flower constancy," is based on a pollinator's capacity to learn and memorize specific flower characters (Greggers and Menzel 1993 , Menzel 1999 , 2001 and to discriminate among different species or individuals of the same species based on differences in their characters (Gegear and Laverty 2001, Pierre et al. 1996) . The selective behaviour of insect pollinators can potentially result in a bias in their visiting times, a lack of flight between different parental lines and even a low F 1 seed yield and purity in B. rapa.
Visual cues, such as flower colour and shape, are of fundamental importance among the different sensory cues used in the foraging activity of insect pollinators (Giurfa and Lehrer 2001) . Flowers of many bee-pollinated plants have a nectar guide, which is defined by the differences in colour between the centre of the flower and other parts. It is well known that the nectar guide increases the attractiveness of flowers seen from a distance (Free 1970 ) and helps pollinators move toward the flower (Daumer 1958) . The flowers of several cruciferous species produce nectar guides with different ultraviolet colour proportions (UVP, which represents the proportion of the flower area covered by the dark, UVabsorbing centre of the flower) that are invisible to humans, although the colour of their flowers typically appears as uniform light yellow to human eyes (Horovitz and Cohen 1972, Utech and Kawano 1975) . Previously, we revealed wide intraspecific variations in UVP in B. rapa by UV-photography (Yoshioka et al. 2005) . The wavelengths at which insects exhibit maximum sensitivity fall into three distinct clusters in the UV (around 350 nm), blue (440 nm) and green (520 nm) regions of the spectrum (Lunau and Maier 1995, Chittka et al. 2001) . Thus, variations in UVP in B. rapa should be perceived by insect pollinators.
If the differences in the UVP values between B. rapa flowers induce inconvenient behaviours in insect pollinators, such as constant flight to only one of two parental lines, we must improve the UVP so that the variation between the parental lines become small and does not affect discrimination learning by the pollinators. Therefore, investigations of the genetic and physiological aspects of UVP are extremely important. The objective of the present study was to investigate the mode of inheritance of UVP in B. rapa using two inbred lines and their F 1 , F 2 and F 3 progenies with a view to improving this character.
Materials and Methods
We used two inbred lines of B. rapa var. campestris, Ko3-113 (P 1 ) and Ko3-114 (P 2 ), as parents. These lines had been genetically homogeneous through seven generations, and we used their F 1 , F 2 and F 3 progenies to investigate the mode of inheritance of UVP. In 2003, we used three P 1 plants, five P 2 plants, one F 1 plant and 112 F 2 plants, and we randomly sampled three flowers per plant during the flowering time, approximately four months after sowing. We selfed the F 2 plants by covering the flowers with screens and manually pollinating the flowers to create the F 3 progeny. In 2004, we used six plants from each non-segregating generation (parents and F 1 ) and 112 F 3 plants. In addition, we randomly chose nine to ten F 3 plants from each of 11 F 2 plants (which will be referred to subsequently as the 11 F 2 -derived F 3 families). Approximately four months after sowing, we also randomly sampled three flowers from each of these plants. The plants were grown in a greenhouse located at the Tohoku Seed Company research station (Utsunomiya, Japan) throughout the experiments. Flowers that opened on the sampling day were sampled from each plant.
A lighting chamber (Spectrolin Spectronics Co., Westbury, NY) was used to provide uniform illumination during image acquisition. The light source consisted of two blacklight (UV) lamps that efficiently emitted near-UV rays at 315-400 nm (Sankyo Denki Co. Ltd., Kanagawa, Japan). We placed each flower in the lighting chamber and then photographed it through a filter that absorbs visible light and that was mounted on an Ultra Achromatic Takumar 85-mm lens (Asahi Optical Co. Ltd., Tokyo, Japan) fitted to a Pentax film camera (MZ-5N, Pentax Co., Tokyo, Japan). This filter, which is an accessory of the camera lens, transmits UV radiation at approximately 330-400 nm, with a central transmission band of 365 nm. We used Fujifilm Neopan 100 Acros film (Fujifilm Co. Ltd., Tokyo, Japan). The distance from the camera lens to the flowers was maintained at approximately 15 cm. Because samples could not be seen through the filter, we determined the necessary adjustments, such as focus control and f-stop, by focusing in visible light in a pilot study. In these photographs, B. rapa presents a UVabsorbing zone at the centre of the corolla that clearly contrasts with the surrounding areas of the flower (Fig. 1) .
We digitized each photograph using a film scanner at a resolution of 1840 × 1232 pixels at 8 bits/pixel resolution for each of the red, green and blue colour components. Before image analysis, we separated the flower from its background using Paint Shop Pro 7 software (Jasc Software Inc., Eden Prairie, MN). To measure the total flower area (FA) and the UV-absorbing area (UVA), we developed a programme using JBuilder X (Borland Software Corp., Cupertino, CA).
First, we calculated FA, which is equal to the number of pixels occupied by the flower's image. Next, we classified each pixel into UV-absorbing and non-UV-absorbing categories according to the value of the red channel, i.e., low values in the red channel indicated high UV absorption. We also calculated the UVA based on the number of pixels occupied by this region. We then defined the ratio of UVA to FA as the flower's UV colour proportion (UVP).
In order to investigate the variation between years, we performed a two-way ANOVA using the UVP scores of P 1 and P 2 . We estimated the genetic parameters and heritability from within-generation variances of the UVP scores (Ukai 2002) . Assuming that the generation variances are composed of additive (A), dominance (D) and environmental (E) variances, the phenotypic variance (V P ) of F 2 is given as , and that of F 3 is . E 1 was estimated from the average value of the variances of the parental lines in each generation (year 
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where t is the generation number. We also calculated the 95% confidence interval for the broad-sense heritabilities (Hashiguchi 1955 ) using the following formulas:
where and are the upper and lower limits of the confidence interval, respectively, and the n 1 and n 2 are the sample number in the segregating and non-segregating generations, respectively.
In addition, we conducted a parent-offspring regression analysis using the 11 UVP scores of the F 2 plants and the F 2 -derived F 3 family means for UVP. All statistical analyses were performed using the JMP 4.0 software (SAS Institute Inc. 2000).
Results and Discussion
Numerous authors have reported the existence of floral spectral polymorphism in UV reflectance (Daumer 1958 , Eisner et al. 1969 , 1973 , Thompson et al. 1972 , and this polymorphism has been used in taxonomic studies, ecological pollination studies and floral evolutionary studies (Ornduff and Mosquin 1970 , Cruden 1972 , Kevan 1972 . However, so far, these studies have not been combined so as to place variation within a species in a genetic context. In the present study, we addressed this problem for the case of intraspecific variation in UVP of B. rapa and successfully estimated the mode of inheritance of this parameter for the first time.
The UVP scores differed significantly between the parents (P < 0.01) and between years (P < 0.05) ( Table 1 ). The effect of the genotype × year interaction was not significant. The UVP scores of P 2 in 2004 were lower than those in 2003 (Fig. 2) . We observed a larger difference between years in the scores of the F 1 generation, i.e., the mean UVP for F 1 was intermediate between the scores of the two parents in 2003 (Fig. 2a) , but decreased to a value approximately equal to that of P 2 in 2004 (Fig. 2b) . In addition, we observed transgressive segregation of the UVP scores in the F 2 (Fig. 2a) and F 3 (Fig. 2b) generations. The additive and dominance variances were 0.0012 and 0.0123, respectively. The value of broad-sense heritability of UVP was high in the F 2 generation (h B 2 [F 2 ] = 0.75, with a confidence interval of 0.39-0.94) and higher (h B 2 [F 3 ] = 0.84, with a confidence interval of 0.67-0.95) in the F 3 generation, indicating that UVP is a heritable trait. Moreover, the high value of broad-sense heritability observed in UVP suggests that breeders have not focused their selection intentionally and directionally on this character in B. rapa. In contrast, we recorded much lower values for narrow-sense heritability in both generations: 0.12 (h N 2 [F 2 ]) and 0.24 (h N 2 [F 3 ]), respectively. These results indicated that genetic variation in UVP was mainly due to dominance effects. We observed a transgressive segregation of UVP scores in both the F 2 and F 3 generations. We found it somewhat surprising that such a wide variation in UVP was produced by a single cross. It is possible that many genes are involved in the expression of this character.
A scatter-plot diagram (Fig. 3) clearly revealed the relationship between the average scores in each line of the F 3 generation and its parents. The regression of the average score of each line against its parent was significant (the slope of the regression m = 0.55, r 2 = 0.83, F 1,9 = 45.44, P < 0.001). The results of the parent-offspring regression analysis also indicated that the genes of the parents affected the phenotypic values in their progenies, although the value of the slope of the regression (m) was lower than that of broad-sense heritability. The heritability value (i.e., the regression coefficient) estimated from the parent-offspring regression is expected to be intermediate between that of broad-sense and narrow-sense heritabilities (Ukai 2002 ns, not significant; *significant at the 5% probability level; **significant at the 1% level. df, degree of freedom; MS, mean squares ρ 1 1 result of the parent-offspring regression analysis also supported our conclusion that UVP is a heritable trait. Environmental factors observed in the non-segregating generations were significant. The results of the two-way ANOVA indicated that the UVP scores of the parents differed significantly between the two years, although the effect was weaker than the genotypic effect (Table 1) . In addition, we observed large differences in the UVP scores of the F 1 between the two years of our study (Fig. 2) . That is, the UVP value for the F 1 was intermediate between those of the parents in 2003 (Fig. 2a) and nearly equal to that of P 2 in 2004 (Fig. 2b) . The UVP values of the flowers are considered to be affected by differences in the internal environmental, such as the age of the plant (Yoshioka et al. 2005) and by differences in the external environment such as UV exposure (Sasaki and Takahashi 2002) . Although we grew all the plants in a similar fashion in both years and sampled flowers from each plant that opened on the sampling day, uncontrollable environmental factors could have produced the observed variation in the scores of the non-segregating generations.
In conclusion, we found that UVP is a heritable trait and that the genetic variation in this parameter was mainly due to dominance effects, with a lesser but still significant environmental component. If the differences in UVP between B. rapa flowers induce inconvenient behaviours in insect pollinators, i.e., if the flower constancy or preference of insect pollinators results in a bias in their visiting times and a lack of flight between different parental lines, we must improve the UVP so that the variation between the parental lines become small and does not affect discrimination learning by the pollinators. In this case, we must select for this trait in advanced generations, in which additive effects become larger. 
